ABSTRACT Background: Adolescents consume more sugar-sweetened beverages than do individuals in any other age group, but it is unknown how the type of sugar-sweetened beverage affects metabolic health in this population. Objective: The objective was to compare the metabolic health effects of short-term (2-wk) consumption of high-fructose (HF) and high-glucose (HG)-sweetened beverages in adolescents (15-20 y of age). Design: In a counterbalanced, single-blind fashion, 40 male and female adolescents completed two 2-wk trials that included 1) an HF trial in which they consumed 710 mL of a sugar-sweetened beverage/d (equivalent to 50 g fructose/d and 15 g glucose/d) for 2 wk and 2) an HG trial in which they consumed 710 mL of a sugarsweetened beverage/d (equivalent to 50 g glucose/d and 15 g fructose/d) for 2 wk in addition to their normal ad libitum diet. In addition, the participants maintained similar physical activity levels during each trial. The day after each trial, insulin sensitivity and resistance [assessed via Quantitative Insulin Sensitivity Check Index (QUICKI) and homeostatic model assessment of insulin resistance (HOMA-IR) index] and fasting and postprandial glucose, lactate, lipid, cholesterol, insulin, C-peptide, insulin secretion, and clearance responses to HF or HG mixed meals were assessed. Results: Body weight, QUICKI (whole-body insulin sensitivity), HOMA-IR (hepatic insulin resistance), and fasting lipids, cholesterol, glucose, lactate, and insulin secretion or clearance were not different between trials. Fasting HDL-and HDL 3 -cholesterol concentrations were w10-31% greater (P , 0.05) in female adolescents than in male adolescents. Postprandial triacylglycerol, HDL-cholesterol, HDL 3 -cholesterol, and glucose concentrations were not different between HF and HG trials. The lactate incremental area under the curve was w3.7-fold greater during the HF trial (P , 0.05), whereas insulin secretion was 19% greater during the HG trial (P , 0.05). Conclusions: Moderate amounts of HF-or HG-sweetened beverages for 2 wk did not have differential effects on fasting or postprandial cholesterol, triacylglycerol, glucose, or hepatic insulin clearance in weight-stable, physically active adolescents. This trial was registered at clinicaltrials.gov as NCT02058914.
INTRODUCTION
Numerous epidemiologic studies link consumption of highfructose (HF) 4 -sweetened beverages [composed of $50%
fructose, such as HF corn syrup (HFCS) or sucrose] with increased risk of cardiovascular disease and type 2 diabetes in children and adults (1) (2) (3) . Some short-term (#10-wk) experimental feeding trials support these findings and showed that consumption of moderate (40 g/d) to high (25% of energy intake, equivalent to 125 g/d for a 2000-kcal diet) amounts of fructose-sweetened beverages contributed to detrimental metabolic perturbations, such as increased de novo lipogenesis (4), uric acid (5), proinflammatory and prothrombotic mediators (6) , triacylglycerol concentrations (4, (7) (8) (9) (10) (11) (12) (13) (14) (15) , fasting cholesterol concentrations (7), hepatic insulin resistance (16) (17) (18) (19) , increased intrahepatocellular lipids (18, (20) (21) (22) , and decreased LDLcholesterol particle size (23) in adults, whereas the effect of high-glucose (HG)-sweetened beverage consumption had little impact on these variables. However, these effects were not universal across all studies because others showed that shortterm consumption of a higher fructose diet had little impact on metabolic health in adults (24) (25) (26) (27) . To date, most experimental trials have used an adult population with a large age range (predominantly .20 y of age), and the findings were inconsistent. Current national estimates indicate that children, adolescents, and young adults between 12 and 22 y of age consume the greatest quantity of HF-sweetened beverages (28, 29) . However, limited clinical trials have examined the metabolic health effects of sugar-sweetened beverages in this population. In a series of studies examining different doses of fructose intake in weight-stable prepubertal children and adolescents, increasing fructose intake from 6% to 24% of energy intake (30 to 120 g/d fructose for a 2000-kcal diet) for 7 d had no effect on metabolic health (30) (31) (32) (33) . To our knowledge, only one study compared the metabolic health effects of HF-sweetened beverages with HG-sweetened beverages. Jin et al. (34) showed that over a 2-d period, isocaloric meals with HF-sweetened beverages augmented the triacylglycerol response compared with HG-sweetened beverages, an effect that was exaggerated in children with nonalcoholic fatty liver disease. To date, it is unknown how longer-term consumption of different types of sugar-sweetened beverages (HF compared with HG) alters metabolic health, insulin sensitivity, insulin secretion, or insulin clearance responses in adolescents. Given the inconsistent findings between studies and limited amount of experimental trials comparing the effect of HF-and HG-sweetened beverages on metabolic health in adolescents, the primary purpose of this study was to compare the effects of shortterm (2-wk) consumption of HF-and HG-sweetened beverages in adolescents (15-20 y of age) on insulin sensitivity, insulin secretion, insulin clearance, and triacylglycerol and cholesterol concentrations. Knowledge of how different sugars affect metabolic health in adolescents will provide important clinical information for dietary guidelines for adolescents for the prevention of type 2 diabetes and cardiovascular disease.
SUBJECTS AND METHODS

Participants
The University of Missouri Health Sciences Institutional Review Board approved this study protocol. All participants provided written informed consent before participating. Initially, all of the participants were screened to determine whether they qualified, and this included assessment of height and weight; a fasting blood sample; completion of a health history, dietary, and physical activity questionnaire; and completion of a 3-d dietary record to determine the average daily fructose consumption of the individuals. Inclusion criteria included the following: male and female adolescents between 15 and 20 y of age; not participating in an organized sport (nonathletes); no previous history of heart, lung, kidney, endocrine, or gastrointestinal disease; not taking any medications known to alter glucose or lipid metabolism; normal fasting blood glucose concentrations (,100 mg/dL); normal fasting triacylglycerol concentrations (,150 mg/dL); and habitual average daily fructose consumption ,90th percentile for age and sex [according to estimates provided by Marriott et al (28) ]. A total of 81 participants were examined for eligibility. Twenty participants did not meet all of the inclusion criteria, and 21 participants dropped out of the study (10 dropped out because the time commitment was too great, 5 were dropped because we were unable to start an intravenous drip for blood sampling, and 6 were dropped for not being compliant with the study protocol). This study was registered at clinicaltrials.gov as NCT02058914.
General study design
This counterbalanced study consisted of 2 trials that included 1) an HF trial and 2) an HG trial. Participants were blinded to trial allocation, and each trial was performed in a random order and was 15 d in length. During days 1-14 of each trial, the participants consumed either 710 mL of an HF-sweetened beverage/d (sweetened with 50 g fructose and 15 g glucose) for 2 wk (HF trial) or 710 mL of an HG-sweetened beverage/d (sweetened with 50 g glucose and 15 g fructose) for 2 wk (HG trial) in addition to their normal ad libitum diet. In addition, the participants were instructed to maintain their normal physical activity levels during each trial (which were measured with an accelerometer). On day 15 of each trial, the participants reported to the laboratory, after an overnight fast of w11 h, for metabolic testing. During this testing day, the participants remained in the laboratory for 12 h and consumed 3 liquid meals (one meal every 4 h and HF meals during the HF trial and HG meals during the HG trial), and blood samples were taken every 15 or 30 min throughout the 12-h testing day. During testing, the participants remained physically inactive (,3000 steps).
Sugar-sweetened beverages
During days 1-14 of each trial, the participants were supplied with an HF-or HG-sweetened beverage. The beverages were made by mixing pure fructose (NOW Foods) and pure glucose (NOW Foods) into water; to add flavor to the drink, sugar-free artificial sweetener (aspartame and acesulfame potassium) was added (Great Value; Wal-Mart Stores Inc). The participants consumed 710 mL of this drink per day, which during the HF trial comprised 50 g fructose/d and 15 g glucose/d and during the HG trial comprised 50 g glucose/d and 15 g fructose/d. In addition, 2.4 g of the artificial sweetener was added to the 710 mL to provide a specific flavor.
Mixed-meal shakes
During the 15th day of each trial, the participants were given 3 liquid shakes. Each shake (w355 mL) contained 450 kcal, and the energy from each macronutrient was 45% carbohydrate [25% simple sugar (with 14.8% fructose during the HF trial or 4% fructose during the HG trial) and 20% complex carbohydrate as maltodextrin], 40% fat, and 15% protein. Each shake contained 27.5 g whey protein complex (General Nutrition Corporation), 59.1 mL (4 tablespoons) of heavy whipping cream (Great Value; Wal-Mart Stores Inc), 19.5 g of maltodextrin (Carbo Gain; NOW Foods), and 16.7 g fructose and 8.4 g glucose during the HF trial (thus, 50 g fructose over the entire day) or 20.1 g glucose and 5 g fructose during the HG trial (thus, 15 g of fructose over the entire day).
Dietary records
Participants kept 3 to 6 detailed written dietary records with the exact timing of all meals, snacks, and beverages consumed during days 1-14 of each trial. The participants were required to keep 3 of these records during days 12, 13, and 14 of each trial; to control for diet, copies of these records were given to the participants and they were asked to precisely replicate these records during the subsequent trial. The macronutrient composition of each meal was determined by the Nutrition Data System for Research (University of Minnesota).
Free-living physical activity levels
A BodyMedia armband (BodyMedia Inc) was used to measure free-living physical activity levels. The participants were instructed to wear the armband every day for 23 h/d during each intervention, as suggested by the manufacturer. The participants took the armband off to shower and during this time would charge the armband if the battery was low.
Height, weight, and body composition
Standing height was measured with a wall-mounted stadiometer (Seca) while participants were barefoot. Body weight was measured by using a digital scale (Health 0 m; Jarden Corporation). The Bod Pod was used to measure body composition following the manufacturer's instructions (Cosmed USA). Body composition was estimated by using the Siri equation for white participants, whereas for African Americans, body composition was estimated by using the race-and sex-specific formulas provided (35, 36) .
Blood collection and analysis
On arrival for mixed-meal testing, a venous catheter was inserted into participants' antecubital vein, which was kept patent with a saline drip. Venous blood samples were taken at baseline and at 15-to 30-min intervals thereafter. At each time point a blood sample of w4 mL was taken and transferred immediately into EDTA-coated tubes and immediately put into an ice bath. Within 30 min from taking the sample, the blood was separated by centrifugation by using an Eppendorf 5702R refrigerated centrifuge at 3000 rpm for 10 min at 48C and frozen at 2808C until analysis.
Glucose and lactate concentrations were determined by using an automatic analyzer (YSI 2700 Select; YSI Inc). Plasma insulin and C-peptide concentrations were determined from the same sample by using a Milliplex magnetic bead-based quantitative multiplex immunoassay with the MAGPIX instrumentation (Millipore). The intraassay CV was 7.3% and 10% for insulin and C-peptide, respectively, and the interassay CV was 14.5% and 7.9% for insulin and C-peptide, respectively. To eliminate the interassay CV, plasma triacylglycerol, total cholesterol (TC), HDL cholesterol, and HDL 3 cholesterol from the same subject were analyzed in the same run. Plasma triacylglycerol and TC concentrations were determined by using a colorimetric assay (Fisher Scientific), and intraassay CVs were 2.7% and 2.0%, respectively. A modified heparin-MnCl 2 -dextran sulfate method (37) was used to measure plasma HDL cholesterol and HDL 3 cholesterol. Intraassay CVs were 3.6% and 2.6% for HDL cholesterol and HDL 3 cholesterol, respectively.
Insulin sensitivity, insulin resistance, and postprandial insulin secretion and clearance
The Quantitative Insulin Sensitivity Check Index (QUICKI) was used as a surrogate measure of whole-body insulin sensitivity (38) .
The HOMA-IR was used as a surrogate measure of hepatic insulin resistance (39) . Basal and postprandial prehepatic insulin secretion rates (ISRs) were calculated with the use of C-peptide concentrations by using the insulin secretion deconvolution software program (40) . Basal and postprandial insulin clearance was calculated as the molar ratio of insulin to C-peptide at each time point, and this was calculated as a percentage (41)
Power and statistical analysis G*Power 3 software (version 3.1.3; Universität Kiel, Germany) was used to calculate a priori power. Effect sizes for statistically significant differences found in several other studies (4, (7) (8) (9) (10) (11) (12) (13) (14) comparing HF and HG diets were determined, and the mean of these effect sizes was used in the power analysis. It was estimated that with a repeated measures design and a = 0.05, a sample size of 34 would yield a power of 0.80. We recruited additional participants (n = 40) to ensure adequate power.
The Statistical Package for the Social Sciences statistical software, version 18.0 (IBM Inc), was used to perform the statistical analyses. For baseline characteristics, 1-factor ANOVA with follow-up Bonferroni-adjusted post hoc tests were used to compare characteristics between groups. For all other variables, a 2 (trial) by 2 (sex) by 2 (adiposity) mixed-model repeatedmeasures ANOVA was used to test for statistical significance. For significant main effects, interaction effects, or between-subjects effects, follow-up Bonferroni-adjusted post hoc tests were used to determine specific differences. Significance was set at P # 0.05. All values are reported as means 6 SEMs. Lean male and female adolescents were defined as those with #22% and #32% body fat, respectively, whereas overweight/obese male and female adolescents were defined as those with .22% and .32% body fat, respectively. These classifications are based on what the Bod Pod recommends, which is that men have a body fat ,22% and women have a body fat ,32% for optimal health.
RESULTS
Participant characteristics and dietary records
Baseline characteristics of the 40 participants who completed the study are listed in Table 1 . Baseline body weight, BMI, and body fat percentage were significantly lower (P , 0.05) in lean 
Free-living physical activity
Because of a malfunction in some of the monitors during testing, data for only 35 of the 40 participants could be used in the analysis of free-living physical activity. For steps, there was no significant main effect of trial (P . 0.05), indicating that participants maintained similar free-living physical activity patterns during both interventions (HF: 9256 6 537 steps; HG: 9221 6 631 steps). In addition, there was no significant trial 3 adiposity, trial 3 sex, or trial 3 adiposity 3 sex interaction effect (all P . 0.05) or between-subjects effects for adiposity (P . 0.05), but there was a significant between-subjects effect for sex (P , 0.05), indicating that female adolescents (HF: 7979 6 626 steps; LF: 7927 6 747 steps) compared with male adolescents (HF: 10,462 6 773 steps; LF: 10,444 6 934 steps) had w27% lower free-living physical activity levels (P , 0.05).
Lipids and cholesterol
Fasting triacylglycerol concentrations were not significantly different between trials or between sexes (P . 0.05), but fasting triacylglycerol concentrations were 15-49% greater (P , 0.05) in overweight/obese adolescents than in lean adolescents ( Table 2) . Similarly, the 12-h triacylglycerol incremental AUC (iAUC) was not significantly different between trials (P . 0.05), but postprandial triacylglycerol concentrations were significantly greater (P , 0.05) in overweight/obese male adolescents compared with lean male adolescents and both of the female groups ( Table 3) .
Fasting TC concentrations were not significantly different (P , 0.05) between trials, sexes, or adiposity groups ( Table 2 ). The 12-h TC iAUC was 80% higher during the HF trial compared with the HG trial (indicating the decrease in TC was less during the HF trial), and this response was most pronounced in lean male and overweight/obese female adolescents (P , 0.05; Table 3 ).
Fasting HDL-cholesterol and HDL 3 -cholesterol concentrations were not significantly different between trials or adiposity groups (P . 0.05), but female compared with male adolescents had 14-31% and 10-22% greater fasting HDL-and HDL 3 -cholesterol concentrations, respectively (P , 0.05; Table 2 ). The 12-h HDL-and HDL 3 -cholesterol iAUCs were not significantly different (P , 0.05) between trials, sexes, or adiposity groups (Table 3) .
Glucose and lactate
Fasting glucose or lactate concentrations or the 12-h glucose iAUC were not significantly different (P . 0.05) between trials, sexes, or adiposity groups (Table 2 and Table 3 , Figure 1 ). The 12-h lactate iAUC was w3.7-fold greater (P , 0.05) during the HF trial than during the HG trial (Figure 1 ).
Insulin sensitivity and insulin resistance
Insulin sensitivity (QUICKI) (P . 0.05) was not significantly different between trials or sexes (P . 0.05), but the QUICKI was 3-9% lower (P , 0.05) in overweight/obese adolescents than in lean adolescents (Table 2) . Hepatic insulin resistance (HOMA-IR) was not significantly different between trials or sexes (P . 0.05), but the HOMA-IR was w22-48% higher (P , 0.05) in overweight/obese adolescents than in lean adolescents (Table 2) .
Insulin and C-peptide concentrations
Fasting insulin concentrations were not significantly different (P . 0.05) between trials or between sexes (Table 2 ), but fasting insulin concentrations were significantly greater (P , 0.05) in overweight/obese adolescents than in lean adolescents ( Table 2 ). Fasting C-peptide concentrations were not significantly different (P , 0.05) between trials, sexes, or adiposity groups ( Table 2 ). The 12-h insulin and C-peptide iAUCs were 21% and 19% lower (P , 0.05), respectively, during the HF trial compared with the HG trial, an effect that was most pronounced in female adolescents (Table 3, Figure 2) . Independent of diet, the 12-h insulin and C-peptide iAUCs were 23-52% and 22-42% greater (P , 0.05), respectively, in overweight/obese adolescents than in lean adolescents and 22-48% and 15-41% greater (P , 0.05), respectively, in female adolescents than in male adolescents (Table 3) .
Insulin secretion and clearance
Basal ISRs and insulin clearance were not significantly different between trials, sexes, or adiposity groups (P . 0.05; Table  2 ). The 12-h ISR iAUC was 19% greater (P , 0.05) during the HG trial compared with the HF trial ( Figure 2 ). This difference in ISR between trials was more pronounced in female adolescents (w25-56% greater) than in male adolescents (P , 0.05; Figure 2 ). The 12-h insulin clearance iAUC was not significantly different (P . 0.05) between trials, sexes, or adiposity groups (Table 3) .
DISCUSSION
To our knowledge, this is the first study to determine how the type of sugar-sweetened beverage (HF compared with HG) influences insulin sensitivity and resistance (assessed via QUICKI and HOMA-IR), traditional markers of metabolic health (triacylglycerol, cholesterol, glucose), and insulin secretion and clearance in adolescents (aged 15-20 y), a population who consumes more sugar-sweetened beverages than does any other age group (28, 29) . The primary findings of this study are as follows: 1) HF-and HG-sweetened beverages do not differentially alter insulin sensitivity (assessed via QUICKI), hepatic insulin resistance (assessed via HOMA-IR), or traditional fasting markers of metabolic health (triacylglycerol, cholesterol, glucose, insulin secretion, or insulin clearance) or postprandial markers of metabolic health (triacylglycerol, HDL cholesterol, HDL 3 cholesterol, glucose, and insulin clearance); 2) HF meals, compared with HG meals, resulted in greater postprandial lactate concentrations; 3) HG meals resulted in greater postprandial insulin secretion; 4) despite similar whole-body insulin sensitivity and hepatic insulin resistance and independent of the type of sugar-sweetened beverage consumed, female adolescents had greater insulin secretion and HDL-cholesterol concentrations than did male adolescents; 5) female adolescents had lower freeliving physical activity levels compared with male adolescents; and 6) independent of the type of sugar-sweetened beverage consumed or previous physical activity levels, overweight/obese adolescents showed lower whole-body insulin sensitivity and greater hepatic insulin resistance than did their lean counterparts. These findings expand on previous data showing that high fructose intake is not associated with deleterious metabolic consequences in adolescents (30) (31) (32) (33) and suggest that short-term (2-wk) consumption of moderate amounts (50 g/d) of HF-or HG-sweetened beverages do not detrimentally alter metabolic health in weight-stable, physically active adolescents. Collectively, the data suggest that fructose or glucose consumption per se is not detrimental to an adolescent's health, and perhaps factors other than fructose intake (obesity, physical activity levels) should be targeted to prevent chronic disease in this population.
Triacylglycerol responses
Previous research has shown that acute or chronic ingestion of fructose with mixed meals, compared with glucose with mixed meals, augments the postprandial triacylglycerol response in adults (4, (7) (8) (9) (10) (11) (12) (13) (14) . This effect may be mediated via reduced triacylglycerol clearance (as a result of reduced insulin secretion; thus, a reduced insulin-mediated increase in adipose tissue lipoprotein lipase activity resulting in reduced triacylglycerol hydrolysis in adipose tissue) and increased de novo lipogenesis and hepatic triacylglycerol secretion (4, 10, 42) . Unexpectedly, we found that HF mixed meals, compared with HG mixed meals, did not augment the postprandial triacylglycerol response in adolescents despite greater insulin concentrations with HG mixed meals (although there was a trend for postprandial triacylglycerol to be greater during the HF trial). In addition, overweight/obese male adolescents had a greater postprandial triacylglycerol response compared with lean male adolescents and lean and overweight/obese female adolescents, an effect that was independent of previous diet. This effect was expected, because previous work has shown that obese adults, particularly those with greater visceral fat (typically males), have greater postprandial triacylglycerol responses compared with lean adolescents (43) with lower visceral fat. 
Cholesterol responses
The data from the present study show that sugar-sweetened beverages do not alter fasting TC concentrations, and this finding is similar to some (26, 31), but not all (4, 16), research. In the current investigation, cholesterol concentrations decreased in the postprandial period, which has been documented before in adults (44, 45) . The decline in postprandial TC was greater when HG meals were ingested, particularly in lean male adolescents and overweight/obese female adolescents. It is possible that the greater insulin concentrations during the HG trial resulted in greater reverse cholesterol transport.
Chronic consumption ($2 wk) of glucose-, fructose-, sucrose-, or HFCS-sweetened beverages did not alter fasting HDL-cholesterol concentrations in adults (7, 16, 26) . Likewise, in our study, chronic consumption of sugar-sweetened beverages did not alter fasting or postprandial HDL-cholesterol concentrations in adolescents. For the first time, we examined how sugar-sweetened beverages affect HDL 3 -cholesterol concentrations, and similar to total HDL cholesterol, fasting or postprandial HDL 3 -cholesterol concentrations were not differentially altered by HF-or HG-sweetened beverages in adolescents. Regardless of adiposity or type of sugar-sweetened beverage consumed, female adolescents had greater HDL-and HDL 3 -cholesterol concentrations than did male adolescents. Previous work in adults has shown that females typically have greater HDL-cholesterol concentrations compared with males, which is attributable to greater secretion rates of apolipoprotein A-I (a major protein component of HDL cholesterol) and not to differences in the catabolic rate of HDL cholesterol between sexes (46).
Glucose and lactate responses
The impact of sugar-sweetened beverages on fasting glucose concentrations is mixed and may depend on the age of the subjects, energy status, and duration of consuming the drinks. For instance, in the present study, fasting glucose concentrations were unaltered after consuming HF-or HG-sweetened beverages for 2 wk in adolescents (aged 15-20 y), and Stanhope et al (7) also reported no changes in fasting glucose after 2-wk consumption of glucose, fructose, or HFCS in adolescents and young adults (aged 18-40 y). However, 10-wk consumption of fructosesweetened beverages, but not glucose-sweetened beverages, increased fasting glucose values in older adults (aged 40-72 y) (4) .
Previous work has shown that glucose-sweetened beverages, compared with fructose or HFCS-sweetened beverages, result in greater postprandial glucose responses (AUC and glucose peak) in adults (7, 10, 12, 47) . On the contrary, we did not find differences in postprandial glucose concentrations between HF-and HGsweetened beverages. The greater insulin concentrations induced by HG mixed meals may have helped to maintain euglycemia. It is also possible that the difference in the amount of glucose ingested (20.1 g glucose with each meal during the HG trial compared with 8.4 g glucose with each meal during HF trial) between trials was not large enough to evoke different postprandial glucose responses.
The HF mixed meals in the current study induced greater postprandial lactate concentrations, and this finding has been documented before (48) . Unlike glucose, fructose undergoes almost complete hepatic metabolism and bypasses the phosphofructokinase regulatory step in glycolysis, which allows greater saturation of the glycolysis pathway (49) . Tracer studies have shown that Unless otherwise noted, the main effect of trial; the within-subject interaction terms trial 3 adiposity, trial 3 sex, or trial 3 adiposity 3 sex; and the between-subjects effect for adiposity, sex, or adiposity 3 sex interaction were not significant (P . 0.05). For lactate, there was a significant main effect of trial (P , 0.05). *The 12-h lactate incremental AUC was significantly lower (P , 0.05) during the HG trial than during the HF trial. BF%, body fat percentage; HF, high fructose; HG, high glucose; TAG, triacylglycerol. a significant amount of fructose can be converted to lactate, because ingestion of fructose + glucose increases the lactate rate of appearance to a greater extent than does ingestion of glucose alone (50) . Therefore, the greater postprandial lactate concentrations with HF mixed meals in the current study were likely mediated via increased hepatic lactate production.
Insulin responses
In adults, the consumption of fructose-sweetened beverages for $6 d has been shown to impair hepatic insulin sensitivity (16) (17) (18) (19) , but our findings in adolescents did not support this previous work. Other studies in adults showed that consumption of fructose-, glucose-, or HFCS-sweetened beverages for $2 wk does not alter whole-body insulin sensitivity (7, 15, 26) . Extending on these findings, the present investigation showed that whole-body insulin sensitivity (assessed via QUICKI) was unaltered after consumption of HF-or HG-sweetened beverages for 2 wk in adolescents. It may be that a longer duration of consuming fructose-sweetened beverages, a greater dose of fructose, overnutrition, or lower levels of physical activity are needed to reduce whole-body or hepatic insulin sensitivity with HF-or HG-sweetened beverage consumption.
The present study is the first to our knowledge to compare how HF and HG mixed meals alter insulin secretion or insulin clearance in adolescents. Despite no differences in insulin sensitivity, insulin resistance, or venous postprandial glucose concentrations in the periphery, HG mixed meals resulted in greater postprandial insulin secretion rates compared with HF mixed meals. It is possible that blood glucose concentrations were greater in the hepatic portal vein while consuming the HG-mixed meals, which resulted in greater insulin secretion rates and thus lowered the blood glucose concentrations in the periphery (where we measured blood glucose). In addition, given that insulin secretion is not only potentiated by glucose concentrations but also by other factors (gut hormones and metabolites), it is possible that these other factors contributed to the greater insulin secretion rates with HG mixed meals. One potential factor is differences in the incretin hormone glucose-dependent insulinotropic polypeptide. Although not measured in this study, other work in adults that used solid and liquid foods showed that HG mixed meals, compared with HF mixed meals, resulted in more rapid increases in glucose-dependent insulinotropic polypeptide, a hormone that potentiates insulin release, and this phenomenon may contribute to greater insulin secretion with HG mixed meals (12) .
Conclusions
In conclusion, the consumption of moderate amounts of HF-or HG-sweetened beverages for 2 wk in addition to an ad libitum diet has little impact on traditional markers of metabolic health (triacylglycerol, cholesterol, glucose) in weight-stable, physically active adolescents. However, acute ingestion of HF mixed meals, compared with HG mixed meals, resulted in lower postprandial insulin secretion rates but greater postprandial lactate concentrations. Collectively, the data from this study and FIGURE 2. Time course of insulin (A) and C-peptide concentrations (B), insulin secretion (C), and insulin secretion iAUC (D) during each trial. All values are means 6 SEMs. Unless otherwise noted, the main effect of trial; the within-subject interaction terms trial 3 adiposity, trial 3 sex, or trial 3 adiposity 3 sex; or the between-subjects effect for adiposity, sex, or adiposity 3 sex interaction were not significant (P . 0.05). For the 12-h insulin and C-peptide iAUC, there was a significant main effect of trial (P , 0.05), a significant within-subject trial 3 sex interaction effect (P , 0.05), and a significant between-subjects effect for sex and adiposity (P , 0.05). For the 12-h insulin secretion iAUC, there was a significant main effect of trial (P , 0.05) and a significant withinsubject sex 3 trial interaction (P , 0.05). *The 12-h insulin, C-peptide, and insulin secretion iAUC were significantly greater (P , 0.05) during the HG trial than during the HF trial. BF%, body fat percentage; HF, high fructose; HG, high glucose; iAUC, incremental AUC; ISR, insulin secretion rate.
others (30) (31) (32) (33) suggest that fructose or glucose consumption per se is not detrimental to an adolescent's health and perhaps factors other than fructose intake (obesity, physical activity levels) should be modulated to prevent chronic disease.
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